Optimization of Rubisco kinetics could improve photosynthetic efficiency, ultimatly 2 1 resulting in increased crop yield. However, imprecise knowledge of the reaction mechanism and 2 2 the individual rate constants limit our ability to optimize the enzyme. Membrane inlet mass 2 3 spectrometery (MIMS) may offer benefits over traditional methods for determining individual 2 4 rate constants of the Rubisco reaction mechanism, as it can directly monitor concentration 2 5 changes in CO 2 , O 2 , and their isotopologs during assays. However, a direct comparsion of MIMS 2 6 to the traditional Radiolabel method of determining Rubisco kinetic parameters has not been 2 7 made. Here, the temperature responses of Rubisco kinetic parameters from Arabidopsis thaliana 2 8 were measured using the Radiolabel and MIMS methods. The two methods provided comparable 2 9 parameters above 25 °C, but temperature responses deviated at low temperature as MIMS 3 0 derived catalytic rates of carboxylation, oxygenation, and CO 2 /O 2 specificity showed thermal 3 1 breakpoints. Here we discuss the variability and uncertainty surrounding breakpoints in the 3 2 Rubisco temperature response and relavance of individual rate constants of the reaction 3 3 mechanisms to potential breakpoints. 3 4 3 5
INTRODUCTION
Panicoid grasses when using a curve fitting method. Inconsistencies are evident between studies, 1 0 0 and it is unclear if breakpoints are universal to all temperature response studies of plant Rubisco. Here, we discuss the possible causes of breakpoints, focusing on the three previously proposed 1 0 2 causes of breakpoints: erroneous bicarbonate concentrations, changes in rate limiting step of the isotope ratio mass spectrometer (Thermo-Fischer Delta V) and calibrated as previously described 1 7 0 (Cousins et al., 2010; Boyd et al., 2015) . Samples were measured similar to Boyd et al. (2015) ; RuBP. 10 µL of extract was added per measurement. Rubisco was activated by leaving the 1 7 7 extract at room temperature for 10 minutes prior to returning to ice before measurement. Additional details for these measurements are presented in the supplemental files. The temperature responses of the kinetic parameters were calculated for the equation
where k 25 is the value of the parameter at 25 °C, E a is the Arrhenius activation energy (kJ mol -1 ), R is the molar gas constant (0.008314 kJ mol -1 K -1 ), T K is the temperature in Kelvin, and the term 1 8 5
(298.15-T K )/298.15 is the scaling factor so that k 25 may be used as the pre-exponential term. The log of the data plotted against (T K -298.15)/(T K ), such that the y-intercept was equal to natural log above and below the break points were compared to other E a values as described above, the k 25 2 0 2 value was held constant when fitting for two E a values above and below the breakpoint. Figure 1 depicts the currently hypothesized reaction mechanism of Rubisco as originally described by Farquhar (1979) . The kinetic parameters k catCO2 , k catO2 , K C , K O , and S C/O can be 2 0 7
described by the individual first order rate constants (k) seen in Figure 1 as follows:
where the subscript indicates the transition state as numbered in Figure 1 by the black circles. The approximations in Equations 4, 5, and 6 are made by assuming the rates of decarboxylation 2 1 5 (k 7 ) and deoxygenation (k 4 ) are negligible. These first order rate constants can be related to temperature using transition state theory 2 1 7 and the Eyring equation
where k B is the Boltzmann constant (1.3807·10 -23 J K -1 ), h is the Planck constant (6.6261·10 -34 J 2 2 0 s), Δ G ‡ (J mol -1 ) is the standard free energy difference between the transition state and the where the double dagger symbol ( ‡ ) denotes the transition state. The proposed Rubisco reaction mechanism ( Fig. 1 Tcherkez et al., 2006; McNevin et al., 2007; Tcherkez, 2013) . Because k catCO2 and k catO2 are first 2 3 9 order rate constants they have been represented as 
The Δ G ‡ terms in Equations 9, 10, and 11 can be calculated directly from measured values, and not provide information regarding an elementary rate constant or a corresponding energy barrier.
5 0
Further modeling to estimate individual rate constants from the measured data is described 2 5 1 below. Each of the rate constants (k) in Figure 1 has a corresponding energy of activation (ΔG ‡ (2013) such that k 8 /k 9 is 0.83 at 25 °C. The rate constant k 10 (de-enolization) was modeled assuming k 4 (deoxygenation) was negligible. This process allowed for estimation of the temperature response for k and Δ G ‡ values for each step of the reaction mechanism listed in 2 7 4
Equations 2 through 6, with the exception of the decarboxyalation and deoxygenation steps that 2 7 5
were assumed negligible (Tcherkez et al., 2013; Tcherkez, 2013; Tcherkez, 2016 was subsequently calculated assuming the ratio k 9 /k 10 was 0.43 and constant with temperature. The value k 6 (rate constant of CO 2 addition) was then calculated from measured K C and the The Davies test indicated significant breakpoints for the k catCO2 , k catO2 , and S C/O 3 0 9
temperature response for the MIMS data as well as for the Radiolabel single point measurement 3 1 0 of k catCO2 (Table 1, Figures 2 and 4) . Both the Davies test and the maximum likelihood 3 1 1 segmented analysis indicated that the breakpoints in these parameters were near 25 °C (Table1).
3 1 2
All other parameters showed no breakpoints in their temperature responses for either the MIMS The E a , and k 25 for k catCO2 , k catO2 (Table 2) for k catCO2 estimated from Radiolabel and MIMS methods were not different from each other, but 3 2 5
were larger than the k 25 for k catO2 determined by MIMS ( Table 2) . The E a and k 25 values for K C 3 2 6
and K O were not significantly different between methods (Table 3) . However, the MIMS S C/O 3 2 7 measured from 10 to 25 °C had a lower (more negative) E a value than the MIMS S C/O E a value 1 6
The E a value for the carboxylation efficiency (k catCO2 /K C ) below 25 °C was significantly 3 3 0 different from zero for the MIMS method, where the carboxylation efficiency increased with 3 3 1 temperature; however, above 25 °C the E a was not significantly different from zero (Table 4) .
The MIMS E a for oxygenation efficiency (k catO2 /K O ) was significantly different from zero above 3 3 3
and below 25 °C (Table 4) . The E a for the ratio of catalytic rates (k catCO2 /k catO2 ) measured by 3 3 4
MIMS was only significantly different than zero above 25 °C ( neeeded in the rate constants for the cleavage (k 8 and k 5 ) and for gas addition (k 6 and k 3 ). This is both the k catCO2 and k catO2 parameter (Supp. Fig. 2 ). This further required that breakpoints were 3 6 1 needed in the rate constants for CO 2 and O 2 addition (k 6 and k 3 , respectively) to maintain the 3 6 2 observed linearity for K C and K O Arrhenius plots (Fig. 2) . literature values for other C 3 -type Rubiscos, including in vitro and in vivo measurements of A. Flexas et al., 2007; Whitney et al., 2011; Walker et al., 2013; Weise et al., 2015;  crossover causing a change in rate limiting step. The discussion below utilizes the currently 4 6 5
accepted reaction mechanism of Rubisco ( Fig. 1) how the energy barriers for the Rubisco reaction mechanism change with temperature is assuming identical temperature responses for the rate of enolization (k 9 ), and cleavage for the addition of CO 2 (ΔG 6 ‡ ) had high entropic cost leading to a decreasing temperature response for 4 7 7 2 3 the rate of CO 2 addition (k 6 ), suggesting the reaction becomes slower with increasing 4 7 8
temperature. Additionally, the increase in the energy barrier for CO 2 addition (ΔG 6 ‡ ) is greater 4 7 9
than that for O 2 addition (ΔG 3 ‡ ) such that the ratio k 6 /k 3 decreased with temperature. This fits 4 8 0
with the observation that Δ G 3 ‡ -ΔG 6 ‡ decreases with temperature ( Fig. 5 ). While our model for in rate limiting step as suggested by Badger and Collatz (1977) . For example, k catCO2 is a function of the transitions state above the breakpoint (increasing Δ G 5 ‡ with temperature). While it seems temperature.
0 7
The MIMS data also indicates a breakpoint in S C/O suggesting larger E a values at low 5 0 8
temperatures compared to higher temperatures, therefor the term Δ G 3 ‡ -ΔG 6 ‡ was modeled with a 5 0 9
non-linear temperature response (Fig. 5) . As S C/O can be approximated as k 6 /k 3 , this could 5 1 0
suggest a breakpoint in the temperature response of CO 2 addition (k 6 ), O 2 addition (k 3 ), or both.
1 1
The individual values for k 6 and k 3 cannot be derived from S C/O measurements; however, in order 5 1 2
for the observed constant temperature response of K C and K O to remain constant with 5 1 3 temperature the cleavage reactions discussed above need to be offset by breakpoints in both k 6 5 1 4
and k 3 (Fig. 7F) . Therefore, to model the reaction mechanism suggested by MIMS 5 1 5 measurements, breakpoints in four elementary rate constants are needed to describe the 5 1 6 breakpoints in k catCO2 , k catO2 , and S C/O but not in K C or K O .
1 7
The modeling presented here is largely based on isotope exchange studies, which suggest 5 1 8 similar energy barriers between enolization (ΔG 9 ‡ ) and cleavage (ΔG 8 ‡ ). However, these assumptions made for this model are stated in the methods section. For steps 3 and 6 (O 2 and 8 0 8
